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ABSTRACT 
 
 
 
Catalytic performance and suitable biomass to water ratio that supported higher 
EPFB conversion, liquid hydrocarbons yield and lignin degradations were screened for 
EPFB liquefaction under subcritical conditions operating at 270oC and 20 bars for 20 
minutes. Analytical results indicate that maximum of 68 wt% liquids were produced 
along with 72.4 wt% EPFB mass conversion and 65.6 wt% lignin degradation under 1.0 
MK2CO3/2:10 (biomass/water) conditions. In comparison, the experiments that were 
performed in the absence of alkalis yielded only 30.4 wt% liquids, converted 36 wt% 
EPFB and degraded 24.3 wt% lignin.  Furthermore, biomass to water ratios >2:10 
decreased both solid mass conversion and liquid hydrocarbons’ yield. The reactivity of 
the alkalis was in the order of K2CO3 > KOH > NaOH. The liquid compositions were 
dominantly phenols and esters; the highest value of phenol (60.1 wt% of liquid yield) 
was achieved in the case of K2CO3 (1.0 M) with 5 g EPFB/25 ml water ratio while 1.0 
MNaOH yielded maximum esters (86.4 wt% of liquid yield). The alkali promoted 
process assisted with hot water treatments seemed promising for production of bio-oils 
from EPFB 
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ABSTRAK 
 
 
 
 
Prestasi mangkin dan kesesuaian nisbah biomas kepada  air yang menyokong penukaran 
EPFB yang lebih tinggi, hasil hidrokarbon cecair dan degradasi lignin telah disaring 
bagi likuefaksi EPFB pada keadaan subkritikal yang beroperasi pada 270oC dan 20 bar 
selama 20 minit. Keputusan analitikal menunjukkan maksimum cecair pada 68 wt% 
dihasilkan denggan nilai penukaran EPFB sebanyak 72.4 wt% dan degradasi lignin 
sebanyak 65.6 wt% pada keadaaan 1.0 MK2O3/2:10 (biomas /air). Sebagai 
perbandingan, eksperimen yang dilakukan dalam ketiadaan alkali menghasilkan hanya 
sebanyak 30.4 wt% cecair, menukarkan 36 wt% EPFB dan mendegradasikan 24.3 wt% 
lignin. Tambahan pula, nisbah biomas kepada air >2:10 mengurangkan kedua-dua 
penukaran pepejal mass dan hasil hidrokarbon cecair. Reaktiviti alkali adalah dalam 
turutan K2CO3 > KOH > NaOH. Fenol dan ester adalah komposisi cecair yang dominan 
dengan nilai fenol tertinggi adalah 60.1 wt%  dicapai dalam keadaan K2CO3 (1.0 M) 
dengan 5 g EPFB/25 mL nisbah air sementara 1.0 MNaOH menghasilkan ester yang 
maksimum (86.4 wt% hasil cecair). Proses bantuan alkali di tambah dengan rawatan air 
panas berpotensi bagi penghasilan bio-oil dari EPFB. 
 
 
 
Katakunci : likuefaksi bermangkin, subkritikal, EPFB, penukaran  
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CHAPTER I 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1  Introduction 
 
 
The projected growth in the cultivation of oil palm has raise concern over the 
destination of the huge amount of residues. The supply of oil palm biomass and its 
processing byproducts are found to be 7 times the availability of natural timber (Basiron 
and Chan, 2004). Every year, the oil palm industry produces more than one hundred million 
tones of residues worldwide. One hectare of oil palm plantation generates about 21.625 
tonnes per year of biomass residues. This abundant biomass can be converted through 
gasification via supercritical water process to produce a highly valuable end product. 
 
 
EFBs mesocarp fibers, palm kernel shells, palm tree trunks and fronds are 
components of the oil palm biomass residues that can be used for gasification. In this 
research, the empty palm fruit bunch will be used as raw materials for the gasification 
process. 
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Empty palm fruit bunch was the waste during the palm oil production process. Generally, it 
consists of cellulose, hemicelluloses and lignin, and the composition varies according to 
plant species. Cellulose with a molecular weight of about 100,000 is essentially a polymer 
with linear chains of glucopyranose units linked to each other by its 1, 4 in the a 
configuration. Hemicellulose is a complex mixture of several polysaccharides such as 
mannose, glucose, xylose, arabinose, methylglucoronic and galaturonic acids. Its average 
molecular weight is of about 30,000, and it is a component of the cell wall. Lignin is a 
mononuclear aromatic polymer also found in the cell wall. Due to the near position of 
hemicellulose and lignin in the cell wall, adjacent to each other, both compounds can form 
a complex termed as lignocelluloses (Goyal et al., 2006). 
 
 
 
 
1.2 Problem Statement 
 
 
Approximately 80% of the world primary energy consumption is still dependent on 
fossil fuel (Goldemberg, 2006). At the same time, many factories in major countries 
contribute to the progressive emission of greenhouse gases (GHG) which comes from the 
burning of fossil fuels. Thus, the substitution by renewable energy sources, in conjunction 
with other clean energy sources, appears to be the best and necessary alternative.  
 
 
Renewable energy provides an effective option for the provision of energy services 
from the technical point of view. There are many other sources of renewable energy such as 
solar, wind, and geothermal. However, biomass seems to have been receiving a lot of 
attention lately. Biomass has been a major source of energy in the world until before 
industrialization when fossil fuels become dominant and researches have proven from time 
to time its viability for large-scale production. For example, countries with extreme 
conditions found in many poor regions of the world such as Ethiopia and Tanzania derive 
more than 90% of their energy from biomass (Silveira, 2005). In fact, International Energy 
Agency (IEA) in its 2007 report stated that over 630 million people in the sub-Saharan 
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Africa are using sources from biomass such as wood and crops residues as its primary 
energy provider (IEA, 2007). 
 
 
Thus, the aim of this research is to find out a suitable reaction condition where 
empty palm fruit bunch can be converted to liquid oil through liquefaction reaction in 
subcritical water as a source of renewable energy to policy makers. Hence, biomass has 
gained increased attention in the past decade because it not only provides an effective 
option for the provision of energy services from a technical point of view but is also based 
on resources that can be utilized on a sustainable basis all around the globe. 
 
 
 
 
1.3 Objective of the Research 
 
 
1) To screen combined heterogeneous catalytic –supercritical water system for EPFB 
liquefaction. 
 
2) To analyze products from EPFB in subcritical and supercritical water with catalyst or 
without catalyst 
 
3) To optimize condition for the reaction 
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CHAPTER II 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1 Introduction 
 
 
Biomass supplies 12-14 % of energy requirements worldwide and shares around 35-
50 % in developing countries. Furthermore, fossil energy depletion and its uneconomical 
extraction have spurred the idea of utilizing biomass in various applications like bio-fuels 
and bio- chemicals. It is widely accepted that utilizing biomass as energy source would 
bring forth social and economical benefits in less developed regions of the world. Other 
benefits include i) sustainable energy through renewable biomass ii) CO2 neutral substitute 
of fossil fuel iii) reduction in gases like NOx, SOx due to less sulfur and nitrogen contents 
present in biomass and iv) abundant availability in all regions of world (Demirbas et. al. 
2000, Kucuk et. al. 1997, Mckendry et. al. 2002). Empty palm fruit bunch (EPFB)-biomass 
used in current study, is one of the major wastes of oil palm plantations. EPFB amounts to 
4.4 tonnes per hector per year, approximately concedes 20.4 % of total oil palm biomass. 
Total 73.4 million tonnes of palm biomass, in Malaysia for example, supplies 14.89 million 
tonnes EFB and 37.65 million tonnes world wide on yearly basis (Tau et. al. 2007, Yang et. 
al. 2004). Converting cheap abundant amounts of renewable palm EFB into valuable 
commodities like bio-fuels would bring forth energy security and social benefits in 
countries like Malaysia, Indonesia, Thailand and tropical African countries. 
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Liquefaction of biomass feedstock to liquids like bio-fuels, chemicals, is one of the major 
alternatives for biomass utilization (Chunbao et. al. 2008, Mohan et. al. 2006, Bridgewater 
et. al. 1995, 2001). Biomass is liquefied into fuels and chemical based commodities through 
thermal, thermochemical, biochemical and biological routes. Biological means are quite 
economical for such liquefactions yet very low conversion of solid mass makes these 
processes unfit for large scale applications. On the other hand, liquid yield is quite high 
(50-70 %) in thermal and thermochemical processes. However still issues like low product 
quality, high temperatures and pressures daunt industrial applications of such processes. In 
thermochemical methods, direct and indirect conversions are two viable options for 
biomass liquefaction. 
 
 
Bio fuels and chemicals can be obtained indirectly from biomass gasification via 
Fischer-Tropsch conversion (Mark et. al. 2004, Carlo et. al. 2004) while direct processes 
like pyrolysis, extractions, and hydrogenations convert biomass solid to liquids. Direct 
processes are suitable choices in recent times due to simpler processing steps permitted 
with post- processing of liquid oils in order to increase fuel value. However, selection of a 
suitable process depends on various factorsbiomass types, product utility, economic 
aspects, and environmental conditions etc (Chunbao et. al. 2008, Peter et. al. 2002). Fast 
pyrolysis, wherein biomass is heated rapidly within 400- 850oC at atmospheric pressure 
usually, has reputation of yielding high amounts of products. However, problems like high 
water contents in product liquids, chars and a well mixed amount of organic compounds 
lower product quality and its potential application. Sub and supercritical extraction of 
biomass in solvents like water, methanol, ethanol, ether and CO2 etc produces bio oil 
dominated by phenols and esters etc. Thus, super/sub critical liquefaction may be a suitable 
option for EPFB liquefaction for which current study is carried out.  
 
 
The effect of catalysts like NaOH, Na2CO3, KOH, and K2CO3 was studied on sub 
critical water liquefaction of woody biomass at 208oC (Selhan et. al. 2005). Uncatalyzed 
liquefaction of Cunninghamia Lancelolata in water medium yielded 24 % of liquid oils at 
280-360oC and 8 gm biomass/100 mL water conditions (Yixin et. al. 2003). In another 
development, rice straw liquefaction in presence of various liquids like water and ethanol, 
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2- propanol under low temperature and pressure was studied (Yuan et. al. 2007). 
Depolymerization of lignin by alkali at 290oC in supercritical CH3OH illustrated lignin 
decomposition was proportional to base strength (Miller et. al. 1999). Effect of temperature 
on liquefaction of woody biomass in presence of Na2CO3 catalyst within 280-420oC and 
380oC as optimal temperature was recommended (Yejian et. al. 2007). Water-phenol 
solvent system to liquefy wood biomass at moderate 250oC in presence of catalysts like 
NaOH, CuSO4, (NH4)2SO4 was studied to investigate the effect of catalyst concentration, 
biomass to solvent ratios, pH of mixture and biomass types on liquids and residues 
production (Maldas et. al. 1996). 
 
 
In the current study, empty palm fruit bunch (EPFB) was liquefied in hot water at 
moderate operating conditions (200oC, 20-40 bars) and 20 minutes in presence of KOH, 
K2CO3, and NaOH catalysts to compare liquid yields and biomass conversions in catalytic 
and non-catalytic runs. Liquids and solids composition as well as lignin decomposition 
were analyzed through GC-MS, FTIR and UV Spectrophotometer. The objectives of this 
work were to investigate effect of base catalysts and suitable EPFB/water ratio to produce 
bio-chemical rich bio oil.  
 
 
 
 
2.2 Empty palm fruit bunch (EPFB) 
 
 
Oil palm biomass generally consists of cellulose, hemicelluloses and lignin, and 
composition varies according to plant species. Cellulose with a molecular weight of about 
100,000 is essentially a polymer with linear chains of glucopyranose units linked to each 
other by its 1, 4 in the a configuration. Hemicellulose is a complex mixture of several 
polysaccharides such as mannose, glucose, xylose, arabinose, methylglucoronic and 
galaturonic acids. Its average molecular weight is of about 30,000, and it is a component of 
the cell wall. Lignin is a mononuclear aromatic polymer also found in the cell wall. Due to 
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the near position of hemicellulose and lignin in the cell wall,adjacent to each other, both 
these compounds can formed a complex termed as lignocelluloses (Goyal, et al., 2006). 
 
 
 
 
2.3 Supercritical water 
 
 
A supercritical fluid is a material which can be either liquid or gas, used in a state 
above the critical temperature and critical pressure where gases and liquids can coexist. The 
properties of water displayed beyond critical point plays a significant role for chemical 
reactions especially in the gasification process. Below the critical point, both the liquid and 
gas phases exhibit different properties, although it is apparent that these properties become 
increasingly alike as the temperature arises. Ultimately, when it reaches the critical point 
(temperature >374.1 oC, pressure>22 MPa), the properties of both liquid and gas become 
identical. Over the critical point, the properties of this SCW vary in between liquid-like or 
gas-like condition (Keat Teong Lee, 2007). 
 
 
Indeed, in such conditions, water undergoes significant variations of its physical 
properties, like a decreasing of the dielectric constant, thermal conductivity, ion product 
and viscosity while the density only decreases slowly. Thus, supercritical water acts as a 
homogeneous non-polar solvent of high diffusivity and high transport properties, able to 
dissolve any organic compounds and gases. In such a process, hydrogen can be produced at 
thermodynamic equilibrium because of the operating conditions. Chemical reactions with 
high efficiencies can be obtained in the case of a water–organic mixture without interfacial 
transport limitations. ( Joussot-Dubien a, 2004). 
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Figure 2.1: Phase diagram for water and carbon dioxide (Kobelco, 2008) 
 
 
 
 
2.3.1 Thermo-chemical processes 
 
 
The thermo-chemical conversion processes have two basic approaches. The first is 
the gasification of biomass and its conversion to hydrocarbons. The second approach is to 
liquefy biomass directly by high-temperature pyrolysis, high-pressure liquefaction, ultra-
pyrolysis, or supercritical extraction. These processes convert the waste biomass into 
energy rich useful products. Choice of conversion process depends upon the type and 
quantity of biomass feedstock, the desired form of the energy, end user requirements, 
environmental standards, economic conditions and project specific factors.  
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Different thermo-chemical conversion processes include combustion, gasification, 
liquefaction, hydrogenation and pyrolysis. Although pyrolysis is still under developing 
stage but during current energy scenario, pyrolysis has received special attention as it can 
convert biomass directly into solid, liquid and gaseous products by thermal decomposition 
of biomass in the absence of oxygen. Pyrolysis offers efficient utilization of particular 
importance for agriculture countries with vastly available biomass by-products. (R.C. 
Saxena , 2006) 
 
 
 
 
Figure 2.2: Main processes, intermediate energy carriers and final energy products from 
the thermo-chemical conversion of biomass (Peter Mckendry, 2001) 
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2.3.2 Liquefaction process 
 
 
Thermochemical liquefaction is considered to be a promising method for converting 
biomass into higher value fuels. Thermochemical liquefaction mainly aimed at obtaining 
low molecular weight liquid fuels from organic high molecular weight compounds by 
conversion of biomass in the liquid water at high temperature and high pressure in the 
presence of alkali catalyst with or without reducing gas. The method of prime interest is 
that it does not require feed stocks drying process. Since most biomass usually has high 
moisture content, a drying process requires much heating energy due to the large latent heat 
of water vaporization. The process is attractive from the viewpoint of energy consumption 
and it is a promising method for the biomass conversion. (Yejian Qian, 2005). 
 
 
In the liquefaction process, the amount of solid residue increased in proportion to 
the lignin content. Lignin is a macromolecule, which consists of alkylphenols and has a 
complex three-dimensional structure. It is generally accepted that free phenoxyl radicals are 
formed by thermal decomposition of lignin above 525 K and that the radicals have a 
random tendency to form a solid residue through condensation or repolymerization. The 
yield of heavy oil decreased as the holding time was prolonged, owing to the formation of 
solid residue by repolymerization of heavy oils, once produced. In the case of barks 
containing larger amounts of lignin than woods, the yields of heavy oil could be lower, 
attributed to repolymerization of the primary heavy oils. The degradation of biomass into 
smaller products mainly proceeds by depolymerization and deoxygenation. During these 
reactions, however, some condensation and repolymerization of intermediate products also 
do proceed. 
 
 
To prevent these undesirable reactions of intermediates, various methods have been 
attempted. The use of hydrogen is believed to be one of the highly effective methods. The 
heavy oil obtained from the liquefaction process was a viscous tarry lump, which 
sometimes caused troubles in handling. For this purpose, some organic solvents were added 
to the reaction system. Among the organic solvents tested, propanol, butanol, acetone, 
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methyl ethyl ketone and ethyl acetate were found to be effective on the formation of heavy 
oil having low viscosity. All these solvents, except ethyl acetate, may be reproduced from 
wood during liquefaction. This suggests that the solvent can be recovered for reuse. 
(Demirbas, 1999). 
 
 
 
 
2.3.3 Gasification process 
 
 
In the gasification reaction, the biomass under severe conditions is instantaneously 
decomposed into small molecules of gases in few minutes, at a high efficiency rate. A 
gaseous mixture of hydrogen, carbon dioxide, carbon monoxide, methane and other 
compounds is obtained from the reaction (Ni et al., 2006). The chemistry of the reaction 
during the gasification under the influence of SCW and pressure is often cited as 
complicated and complex as it involves multiple reactions that occur simultaneously to 
produce the gaseous and liquid mixture. However, 3 main reactions are identified: (1) 
steam reforming, (2) water–gas shift reactions and (3) methanation (Hao et al., 2003). The 
reactions are identified as follows (Aurand, 2001) 
 
 
Biomass + H2O H2+CO              Eq. 1 
 
CO+ H2O CO2 + H2                Eq.2 
 
CO + 3H2 CH4 +H2O                Eq.3 
 
 
In reaction 1 (Eq.1), the biomass reacts with water at its supercritical condition in 
the steam-reforming reaction to produce gaseous mixtures of hydrogen and carbon 
monoxide. Subsequently, the carbon monoxide produced from the first reaction will 
undergo an inorganic chemical reaction termed as water–gas shift reaction with water to 
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produce more carbon dioxide and hydrogen as shown in reaction 2 (Eq.2). It is possible that 
the carbon monoxide produced from reaction 1 (Eq.1) between water and biomass caused 
the equilibrium of the water–gas shift reaction to shift to the right, ultimately producing 
more hydrogen in the end product. In the last reaction, methanation will occur where the 
carbon monoxide will react with hydrogen in the earlier reaction to obtain methane and 
water as its end product. It has been discovered in previous researches that the methanation 
reaction can be suppressed by using water in the liquid form instead of steam with the 
addition of nickel catalyst (Minowa and Inoue, 1999).  
 
 
Figure 2.3: Main reaction pathways for cellulose liquefaction and or gasification (Kruse, 
2004) 
 
 
 
 
2.4 Advantages of gasification and liquefaction of biomass using supercritical water 
 
 
The utilization of SCW medium in biomass gasification has several advantages. It 
can directly deal with high moisture content biomass (>50%). Therefore, preliminary 
treatment such as biomass drying can be avoided, advantageously preventing the high cost 
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related to that process (Calzavara et al., 2005).Besides it, SCW medium allows the 
optimization of the strongly pressure-dependent properties. The hydrogen is produced at 
high pressure; therefore a small volume reactor and low energy for pressurization in the 
storage tank are required. (Keat Teong Lee, 2007).The gasification in supercritical water is 
the high solid conversion, i.e. low levels of char and tars. (Jale Yanik, 2007).Minimum 
production of organic compounds and solid residue are added advantages, since tars and 
chars can cause plugging in the reactor if they are not constantly removed.  
 
 
 
 
2.5 Process variables in liquefaction process 
 
 
From the literature review a lot of parameter will influence the conversion, liquid 
yield, gas yield and compound distribution of the liquefaction process. There parameter, are 
pressure, temperature, residence time, solution concentration, and type of catalyst  
 
 
 
 
2.5.1 Effect of pressure 
 
 
The influences of pressure on gasification can be explained by roles of water for 
chemical reaction in SCW. Firstly, individual water molecules may participate in 
elementary reaction steps as reactants. The properties of water, such as density, static 
dielectric constant and ion product, increase with pressure. As a result, the ion reaction rate 
increases and free-radical reaction is restrained with an increase of pressure. Secondly, 
water molecules can participate in elementary reaction steps as catalysts. Many organic 
compounds, both small and polymeric, are hydrolyzed to various degrees in SCW. 
Hydrolysis reaction plays a significant role in biomass gasification in SCW, but it requires 
the presence of H+ or OH−. The ion concentration influences the hydrolysis rate. With 
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increasing pressure, the ion product increases, and therefore the hydrolysis rate increases 
too. Thirdly, SCW as a reaction medium can influence the biomass gasification. In 
supercritical gasification, water participates as collision partner in intermolecular energy-
transfer steps, which are required for nominally unimolecular reactions. Water is a very 
effective energy transfer agent. Increasing water density should thus promote these 
reactions and thereby influence the overall gasification kinetics. Fourthly, water as a 
solvent can act as physical barrier that retards the progress of a chemical reaction. A 
complete reaction in a solvent involves three steps: (1) diffusion of the reactant molecules 
to each other, (2) chemical transformation, and (3) diffusion of the products away from 
each other. The rate of diffusion of solutes in a given solvent depends on the solvent 
viscosity. The viscosity of the solvent is a function of pressure and temperature. As a result, 
the reaction rate can be influenced by pressure. Diffusion of solution is hindered by the 
formation of a solvent cage around the solute molecules. Such solvent “cage effect” is 
strengthened for reactions in SCW, thus the reaction pathways with the properties of the 
solvent or with water density. Cage effects hinder fission-type reactions (initiation, 
decomposition) in SCW by detaining the nascent products within the cage. If the products 
cannot escape the cage, they are more likely to recombine and regenerate the reactants. The 
solvent cage can also reduce the rate of reaction by isolating the reactant molecules thereby 
preventing solute–solute reaction, but promoting solute–solvent reactions, such as 
hydrolysis and water–gas shift reaction. The cage effects increase with increasing water 
density. Consequently, high pressure is in favor of water–gas shift reaction, but reduce 
decomposition reaction rate. Finally, phase behavior of reactants or products in SCW can 
also influence the SCW gasification. In conclusion, the influences of pressure on 
gasification results from the integrated actions of the factors mentioned above. It is believed 
that the optimal pressure of biomass gasification must exist. (Guo, L.J. et al., 2007) 
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2.5.2 Effect of Temperature 
 
 
To investigate the effect of reaction temperature on the yield of the heavy oil, 
experimental measurements were carried out at different temperatures. The yield of heavy 
oil strongly depends on the reaction temperature. It can be seen that the heavy oil yield 
increases with increasing reaction temperature first, and then is followed by a rapid 
decrease with further increasing reaction temperature. This is due to the competition of two 
reactions involved in the liquefaction, that is, hydrolysis and repolymerization. At the initial 
stage, biomass is decomposed and depolymerized to small compounds, and these 
compounds may rearrange through condensation, cyclization and polymerization to form 
new compounds. (Qian, Yejian. et al., 2007).  
 
 
 
 
2.5.3 Effect of resident time 
 
 
From all the previous research, all suggesting that a longer residence time does not 
be necessary for a higher yield of the Oil product. It may be safe to believe that for all the 
temperatures the Oil yields would level-off after a certain length of reaction time, 
depending on the reaction temperature and other conditions (e.g., the type of catalyst). In 
fact, similar phenomena have been observed in a previous work by Qu et al.on the direct 
liquefaction of Canninghamia lanceolata in water. Possible reasons to account for the level-
off of the Oil yields at a prolonged reaction time would be: (1) cracking of the liquid 
products to gases and (2) formation of char by condensation, cyclization and 
repolymerization of the liquid products. 
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2.5.4 Effect of biomass to water ratio 
 
 
Generally, the heavy oil yield decreases with increasing the ratio of biomass/water. 
Although a smaller ratio of biomass/water can lead to higher heavy oil yield, it is not 
economic to use a lot of water, which requires more energy, and takes more cost for the 
down-stream waste water treatment. (Zhong, Chongli et al., 2003) Hence it is very 
important to find out the suitable biomass to water ratio for the purpose of cost saving. 
 
 
 
 
2.6 Review of Catalyst Using In Gasification Process 
 
 
The advantages and disadvantages of catalyst use in gasification and liquefaction of 
biomass were reviewed in Table 2.1. 
 
 
Table 2.1: Review of catalyst using in gasification and liquefaction of biomass (Masaru 
watancbe, 2006; GUO ,L.J. et al., 2007) 
Catalyst Advantages Disadvantages 
Na2CO3, K2CO3, 
KOH (Alkali 
salts) 
• Lowered the decomposition 
temperature of cellulose 
• Inhibited the char formation  
• Cheaper  
• Difficult to recover back 
Nickel  
• Produce more gases product 
• High yield of hydrogen 
• Cheaper  
• Need using hydrogen to 
change to reduce form 
Carbon  • Very stable in supercritical water  
• Reactor plugging caused 
by the accumulation of 
chars and tars and 
occurring several hours 
after the waste injection 
Ruthenium  •  Produced more gases product 
• High yield of hydrogen • Expensive  
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CHAPTER III 
 
 
 
 
RESEARCH METHODOLOGY 
 
 
 
 
3.1. Materials and methods 
 
 
Empty palm fruit bunch (EPFB) was collected from FELDA oil palm company, 
Bukit Besar, Kulai, Malaysia. Pure chemicals including H2SO4, KMnO4 (Mallinckrodt, 
USA) and NaOH, KOH, K2CO3, KBr (QREC, New Zealand) were used in this study. The 
experimental rig consisted of a stainless steel autoclave batch reactor with jacketed 
electrical heating and water-cooled product recovery mechanism (Javaid et.al., 2009). The 
schematic of the hydro-liquefaction process is shown in Figure 3.1. Crushed EPFB 
grounded to particle size in the range of 0.5–1.0 mm was mixed with catalyst and water in a 
specified biomass towater ratio in a mixing chamber before being placed in the autoclave. 
Temperature, 270oC and pressure, 20–45 bars were maintained for 20 min in the 
liquefaction of EPFB. During reaction, nitrogen gas was purged in a sampling tube to 
control pressure and to avoid vapor loss. After 20 min of heating at 270oC, operation was 
halted. The mixture was left cooled in the open atmosphere for a few minutes after which 
the mixture was then cooled by water. The collected products were separated into residue 
solid and liquids. The variables involved in the study were biomass to water ratio, types of 
alkali and catalyst concentrations. Conversion of EPFB, liquid oil yields and amount of 
char residues were calculated using Eqs. 4–6. 
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Figure 3.1 Schematic diagram of EPFB liquefaction process in a batch reactor. 
 
 
 
 
3.2. Characterization 
 
 
The percentage of lignin degradation was measured through Kappa number test 
(KNT). Kappa number test basically indicates the amount of lignin present in test sample 
(Chai and Zhu (2009), Chai and Zhu (2000). Inverse relation holds between KNT and 
lignin degradation. The higher the Kappa number, the lower is the amount of lignin 
degradation. Kappa number was derived from the ratio of the absorption spectral intensities 
at 546 nm wavelength for raw and reacted EPFB with KMnO4 through UV/VIS 
Eq. 4 
Eq. 5 
Eq. 6 
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spectrophotometer analysis (Shimadzu, USA). For Kappa number test, 1.0 g EPFB was 
shaken in a solution of 0.02 mol/L KMnO4 and 2.0 M H2SO4 sulfuric acid for about 3 min. 
The mixture was then filtered after adding 20 ml distilled water in order to record 
absorption spectra of filtrate. For comparison, a blank solution (solution without solids) 
was also analyzed in UV/ VIS spectrophotometer. Further details of the procedure are 
available elsewhere (Chai and Zhu (2009), Sinag et al., (2003). The Kappa number, K was 
calculated according to Eq. 7.  
 
 
 
 
 
where K ¼ Kappa number, a¼volume of 0.02 mol/L permanganate solution used in 
experiment, w¼ mass in grams of the solid sample used, Ae¼spectral intensities of blank 
solution, Ao¼ Spectral intensities of solution with solid product. The amount of lignin 
degraded during the experimental runs was calculated using Eqs. 8 and 9. 
 
 
 
 
 
 
EPFB char residues obtained were subjected to structural analysis through Spectrum 
One FT-IR spectrophotometer (Perkin– Elmer, USA). KBr pellet technique was employed 
in this analysis, wherein EPFB char residue was grounded with laboratory grade KBr and 
pelletized in a hydraulic press. The pellet produced was tested through infrared spectrum in 
a range of 4000–370 cm-1 with 4 cm-1 resolution. Results obtained through this test were 
representation of functional groups present in char. The liquid obtained was analyzed using 
gas chromatography mass spectroscopy (GC–MS, Agilent, USA) equipped with capillary 
Eq. 7 
Eq. 8 
Eq.9 
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column and mass selective detector (MSD). The oven was operated at 180 oC for 2 min, 
ramped at 4 oC/min up to 200 oC for 10 min. A calibrated Agilent 6890 series GC–MS with 
a flame ionization detector and a capillary column (SPBTM-5, 30 m x 0.32 mm x 0.25 mm) 
was used to perform the analysis utilizing N2 as carrier gas at constant flow rate of 1.0 
mL/min. In one typical run, 300 mL of oil was pipetted out each from bottom, middle and 
upper portions of the pyrolysis oil bottle; mixed with methanol to 10 mL of total solution. 
Methanol was added to dilute liquid oil to suite in GC–MS analysis. The oil/methanol 
mixture obtained was shaken vigorously and filtered before being tested in the GC–MS. 
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CHAPTER IV 
 
 
 
 
RESULTS AND DISCUSSIONS 
 
 
 
 
4.1. Effect of catalyst types 
 
 
Alkalis significantly degraded EPFB compared to the non-catalytic run for all the 
three parameters shown in Figure 4.1.  
 
 
 
 
Figure 4.1 Effect of various catalysts on amount of liquids in EPFB liquefaction. 
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EPFB solid mass conversion jumped from 36.4% (without catalyst) to 72.4% (in K2CO3 
solution). The same trend was realized in liquid yield and lignin degradation. Results 
obtained from NaOH, KOH treatments were within the said extremes and are quite similar 
to one another. K2CO3 > KOH> NaOH was the catalyst reactivity order for EPFB 
degradation proved through these experiments. These results suggested the superiority of 
carbonates in EPFB degradation compared to hydroxides. Eqs. 10 and 11 show conversion 
of carbonates into hydroxides and bicarbonates inwater medium (Selhan et al., 2005) which 
are presumed to be secondary promoters in EPFB liquefaction in K2CO3 medium. 
 
 
K2CO3DH2O/KHCO3DKOH         Eq.10 
 
2KHCO3/H2ODK2CO3DCO2        Eq.11 
 
 
According to Sinag et al. (2003), K2CO3 presence in supercritical hydropyrolysis of 
glucose at 450–550 oC increased liquid yield proving effectiveness of alkalis for phenols 
and hydrogen production in gasification process. We here reported similar influence of 
K2CO3 catalyst in low temperature liquefaction at 270 oC. Another low temperature base 
catalyzed liquefaction of wood at 280 oC for 15 min also confirmed our sequence: K2CO3> 
KOH> Na2CO3> NaOH even though the total amount of oil product claimed in their K2CO3 
catalyzed best run was 33.7% (Selhan et al., 2005).  As shown in Figure 4.1, hydroxides 
(NaOH/KOH) could decompose ~30% of lignins present in EPFB feedstock which 
indirectly lowered liquids yield (60%) than in case of K2CO3 (75%). This reflected the 
inability of hydroxides in treating lignocellulosic biomass; however liquid oil yield/biomass 
conversion in case of these hydroxides was better than without catalyst case. Interestingly, 
EPFB biomass was similar in physical appearance before and after our experiments in 
absence of alkalis and depressed liquid yield (~30%). In another study, comparison 
between K2CO3 and without catalyst runs concluded 38% difference in total amount of 
residues produced inwoody biomass hydrothermal treatment (Selhan et al., 2005) similar to 
ours (43%). Other studies also resulted in similar consequences, proving positive impact of 
carbonates, oxides, chlorides, and sulphates of metals on biomass conversion, 
delignification and liquid yields in water and solvent extraction processes (Feng et al., 
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(2004); Minowa et al., (1998)). However, Miller et al. (1999) suggested 90–96% 
delignification of Alcell/Indulin lignin in ethanol solvent at different alkalis’ 
(KOH/CsOH/NaOH) concentrations. High delignification may be due to mono alcohol 
solvents (ethanol in Miller’s case) used in such extractions instead of water. Further studies 
may compare polar and non-polar solvents under subcritical conditions. 
 
 
 
 
4.2. Effect of K2CO3 concentration 
 
 
EPFB liquefaction was further analyzed with various concentrations of K2CO3 
solution at 270 oC, 5 g/25 mL water ratio. K2CO3 1.0 M yielded maximum EPFB mass 
conversion, liquid oils, and lignin degradation. EPFB breakdown seemed faster at 
concentrations below 1.0 M K2CO3, but impeded liquid yield at higher concentration was 
possibly due to re-polymerization of low molecular weight fragments at higher catalyst 
concentrations. Solid conversion and liquid yield were less influenced by catalyst 
concentrations while lignin degradation varied comprehensively (Figure 4.2).  
 
 
 
Figure 4.2 Effect of K2CO3 concentration on EPFB conversion and liquid yields. 
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At very low concentrations of K2CO3 liquid production was considerable, pointing 
independency of liquid yield on lignin degradation (see Figure 4.2). Almost 10% increase 
in liquids yield was noticed with 40% extra lignin degradations. Many reports on K2CO3 
catalyzed liquefaction of biomass were in agreement to our findings. Selhan et al. (2006) 
reported dependence of solid mass conversion on K2CO3 concentrations after analyzing 
effects of various K2CO3 solutions (0.235 M, 0.47 M, and 0.94 M) on biomass degradation 
at 280 oC. Results in our study resembled this report; however in our study K2CO3 solution 
discouraged conversion above 1.0 M K2CO3 concentrations. Miller et al. (1999) also 
notified that concentration of alkalis supported biomass solubilizations in their Alcell lignin 
degradations in ethanol solvent experiments wherein delignification was boosted to 93% 
from 47% by changing KOH concentrations from 7.8 milliequivalents to 1.6 illiequivalents. 
Addition of K2CO3 supported biomass degradations and liquid yields for low catalyst 
concentrations (<1.0 M). A similar trend was observed in (Thallada et al., 2008), where 1.0 
M K2CO3 completely dissolved hard (cherry) and soft (wood) materials in hydrothermal 
media compared to 70% dissolutions in the run where no catalyst was employed. It was 
also noticed that K2CO3 concentration promoted not only biomass conversion but also 
liquid yields as in case of (Thallada et al., 2008). However, lignin degradation was quite 
sensitive to K2CO3 concentrations, a trend which could not be seen in other cases. The 
trend in Figure 4.2 indicates that higher K2CO3 catalyst concentrations supported re-
polymerization. Repolymerization was more pronounced in case of lignins compared to 
hemicellulose or cellulose as demonstrated by the sharp decrease in lignin degradations at 
high K2CO3 concentrations (Figure 4.2). Wastewater produced from liquefaction of EPFB 
in alkaline media is of high pH values. In general, alkaline waters are toxic, corrosive and 
problematic to dispose off into the environment. Neutralization and removal of toxicity of 
alkaline waste water (AWW) is necessary to ensure safe disposal into water streams. 
Various methods have been proposed to neutralize AWW, which include chemical, 
physical, and biological routes (Baccella et al., (2000); Yamasaki et al., (2004); Schubring 
(1984)). Addition of chemicals is the common practice to treat AWW, which lowers the pH 
and alkalinity of thewater to around neutral. Conventionally mineral acids are quite 
effective in neutralizing AWW. However, excessive use of acids or leakage problems 
decreases life of neutralizing vessels and causes secondary pollution. Alternatively, passing 
CO2 through AWW solution causes the mineralization of alkalis thus reducing pH of the 
solution. Usage of CO2 to neutralize AWW has certain advantages which include i) low 
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operation and maintenance cost, ii) no secondary water pollution or corrosion of vessels 
and iii) no risks of excessive acidification as in case of mineral acids. Thus, CO2 based 
neutralization of AWW obtained from liquefaction of EPFB is suggested as being an 
effective and environment friendly method. However, methods that include combination of 
chemical and biological techniques may not be economical due to their extended 
processing. Moreover, AWW obtained from liquefaction of EPFB is essentially free of 
inhibitory organic and inorganic compounds and the usage of combined techniques may be 
avoided.  
 
 
 
 
4.3. Effect of biomass to water ratio 
 
 
The amount of liquids and lignin degradation were reduced at higher EPFB biomass 
concentrations. The effect of bomass to water ratio was depicted in Figure 4.3. 
 
 
 
Figure 4.3 Effect of EPFB to water ratio on EPFB conversion, lignin degradation and 
liquid yields. 
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As shown in Figure 4.3, 68% oil yield was achieved with 2:10 EPFB to water ratio 
converting 72% of solid mass at experimental conditions: 270 oC/20 bars/1.0 M K2CO3 
solution. 8:10 EPFB to water ratio resulted in the lowest degradation obtained at 
aboutw50% liquids and solid mass conversion. The results reflected that low concentrations 
of solvent (water) were unable to dissolve EPFB mass possibly due to the decrease in 
dissolving power of solvent compared to amount of substrate which may end up in low 
dissolutions. Secondly, the alkali may generate more free radicals supporting re-
polymerization rather than dissolution. In a similar study, Yixin et al. (2003) liquefied C. 
lanceolata in water at 280–360 oC with different biomass to water ratios (8 g, 10 g, 12.5 g 
per 100 mL each). Their results suggested that high amount of biomass led to low 
conversion and liquid yield as observed in our study. Although smaller biomass to water 
ratio resulted in better conversion, it would be uneconomical to use large amount of water 
that may cost higher energy inputs and waste water treatment. Selhan et al. (2006) studied 
effect of biomass to water ratio in catalytic thermal degradation of wood on liquid oils and 
gas production operating at 280 oC. In three experimental runs (1.0 g wood/3.0 mL solvent, 
1.0 g wood/6.0 mL solvent, no solvent), solid mass conversion remained within 55–61%, 
total liquids were low for 1/6 ratio while gaseous production was the highest (45%) in no 
solvent case compared to w10% otherwise. The mixed response of liquids and gases is 
different from our study as biomass ratio effect gradually yielded maximum liquids at 1/5 
EPFB to water ratio. This may be due to different extraction procedures as they collected 
three different types of oils using a semibatch reactor. As demonstrated in Figures 4.1– 4.3, 
the amount of liquid oils (68% maximum) from EPFB degradation was quite high when 
compared with solid (EPFB) mass conversion (72.4% maximum). Negligible gases 
produced during the process were analyzed by GC–TCD, but the amount was quite low to 
be further discussed, as our main objective was to produce liquids from EPFB. At higher 
operating temperatures >270 oC better yield of liquids may be expected than observed in 
this study. However, literature suggests that production of char is inevitable (Emma et al., 
1997); also very high temperature supports gasification of liquids into CH4/CO/CO2 (Abu 
el Rub et al., 2004). In hydrothermal degradations, conversion of biomass and product 
yields (liquids/ gas) depend upon many factors other than those discussed in this study such 
as temperature, pressure, biomass types, catalysts, and residence times. In addition, 
pyrolysis process should not be intermixed or compared with hydrothermal process due to 
different degradation mechanisms (Thallada et al., 2008). Many researchers have proposed 
 27 
various biomass conversion mechanisms in catalyzed hot compressed water systems. In 
simple EPFB (lignocellulose biomass) decomposition mechanism, hemicelluloses would be 
the first to decompose at low temperatures (180 oC) followed by intermediate temperature 
lignin decomposition (Ando et al., 2000). While cellulose decomposes at relatively higher 
temperatures (>230 oC), the reaction mainly produces water soluble products indicating 
hydrolysis as major reaction at low temperatures. Cellulose fragmentizes rapidly at 
temperatures >250 oC yielding water soluble products, heavy liquids, gas and chars (Yun et 
al., 2008). According to previous researches, hydrolysis is the major contributor to 
fragment lignocellulose into water soluble intermediates (glucose, oligomers, 
glyceraldyhydes) at temperatures above 200 oC. Even though hemicellulose hydrolyses 
easily, much of lignin also dissolves around 200–230 oC (Mok et al., (1992); Allen et al., 
(1996); Fang et al., (2004)). Further dissolution and hydrolysis of remaining biomass 
occurs at temperature range being 250–300 oC (Fang et al., 2004). Besides, these dissolved 
products are converted into smaller components like phenols, acids, ketones, liquid 
hydrocarbons, gaseous products and solid chars by fragmentation/ 
condensation/dehydration/isomerization pathways (Chunbao et al., 2008). Some studies on 
reaction pathways inferred pyrolysis and hydrolysis to be the main steps when postulating 
the mechanism and kinetics. Fang et al. (2004) anlyzed the behavior of cellulose 
liquefaction and gasification in presence of Na2CO3 and Ni catalysts, respectively and 
proposed a mechanism at slow and intermediate heating rates in subcritical liquefaction 
conditions. Reaction pathways, in case of Na2CO3 catalyzed liquefaction, included 
dissolution/pyrolysis at temperature range of 240–300 oC which converted cellulose into 
hydrolyzable oligomers, decomposed celluloses into glucose followed by 
isomerization/dehydration into acids/phenols/alcohols via glyceraldeyhyes/ 
levoglucosan/furfurals. These aldehydes, phenols and acids further transformed into heavy 
aromatic oils. Chuncai et al. (2004) in their study on liquefaction of corn stalk in sub-
/supercritical (150–427 oC) water proposed pyrolysis and hydrolysis as the main reaction 
pathways for liquid oil production.  
 
 
The proposed mechanism for liquefaction of EPFB in alkaline medium is shown in 
Figure 4.4. Conversion of hemicellulose and celluloses in EPFB into polysaccharides, 
oligosaccharides and monosaccharides is among the initial hydrolysis reactions. Subsequent 
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decarboxylation, dehydration and fragmentation of saccharides produce volatiles and char. 
Gases are produced mainly due to decarboxylation of hemicellulose and cellulose and little 
from lignin. High stability of OH functional groups under operating conditions suggested 
that more of phenols and alcohols were in liquid fraction and solid residue. A similar 
hydrolysis and decomposition mechanism is proposed for lignin degradation. High 
repolymerization tendency in ligin produced more char than liquids. Secondary 
decomposition seemed quite low as negligible amounts of gases were obtained. Moreover, 
major compounds produced were phenols, esters, carboxylic acid which suggested i) better 
stabilization of decomposed fragments, ii) low decarboxylation and dehydration reactions. 
 
 
 
 
Figure 4.4 Simplified mechanism for degradation of EPFB biomass 
 
 
 
 
4.4. Composition of products 
 
 
At the end of liquefaction, the gaseous productswere analyzed in GC–TCD while 
liquid product of the sub-/supercritical liquefaction process was analyzed using GC–MS. 
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From the GC–TCD results, the gas yields were very lowand mainly composed of 
CO2/CH4/CO/H2. In case of liquid oils, product distribution depended strongly on alkali 
types and biomass to water ratio. Table 1 tabulates the distribution of three major 
compounds, phenol, methyl ester group and benzoic acid under various reaction conditions.  
 
 
Table 4.1 Percentages of organic groups obtained through GC–mass analysis of liquid oil 
under various conditions 
 
 
 
 
It is evident that no phenol group was observed in the operation without alkali. The 
highest value of phenol (60.1% area) was achieved in case of K2CO3 (1.0 M) with 5 g 
EPFB/25 mL water ratio while 1.0M NaOH yielded maximum esters (86.4%). The 
experimental results indicated that subcritical hot water system could produce bio-oil 
dominated by phenols and esters. These results are in agreement with other authors. Selhan 
et al. (2006), in their hydrothermal upgrading of biomass in K2CO3, reported phenolic 
compounds as the major product of liquefaction process. Furthermore, methyl ester groups 
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were also found abundantly in our liquefaction process. Phenolic yield was quite sensitive 
(~1–60% area) to operating conditions while esters were persistent (~50% area) in majority 
runs. Benzoic acid, on the other hand, represented the least yielding variety in all 
operations. Esters represent major portion of conventional biodiesel, which imply 
suitability of hot compressed water for biofuel production from biomass.  
 
 
Fourier transform infrared (FT-IR) spectroscopy characterized raw EPFB and chars 
obtained in liquefaction process within 4000–370 cm-1 (Figure 4.5). Various bands in 
spectrum were identified as O–H (3446.9 cm-1), methoxyl (2924.0 cm-1), aliphatic C–H 
bonds (3000–2860 cm-1), stretching of aromatic C=C groups (1680–1570 cm-1), stretching 
(2980–2850 cm-1) and bending (1400–1300 cm-1) modes of saturated aliphatic 
hydrocarbons. As shown in Figure 4.5, the char for runs without alkali is represented by 
sharp peaks within 1680–1570 cm-1 band region indicating presence of C=C bonds while 
no such bonds were found in case of alkaline catalyzed chars (K2CO3/KOH/NaOH). The 
absence of the C=C bonds illustrated the reactive nature of alkaline catalyzed chars under 
the said process conditions. However, peaks of O–H bonds (at wave numbers of 3440–3450 
cm-1) present in alkaline catalyzed char residues reflected stability of phenols and alcohols. 
It is also true that the FT-IR analysis of all types of chars (raw EPFB/alkali/without alkali) 
exhibited essentially the same trend (Figure 4.5) which sensed incomplete EPFB 
liquefaction at the said conditions. It is quite possible that chars may have shown different 
trend if subjected to operating conditions higher than 270 oC/20 bars. Further investigations 
on this issue may differentiate this trend by using FT-IR analysis as a criterion to judge 
extent of liquefaction in biomass. Comparing capital and operational costs of different 
techniques that use EPFB as raw sources e.g. mulching, CHP, pyrolysis and proposed 
hydrothermal liquefaction will be difficult tasks. This may require a complete analysis of 
operational and capital costs as well as comparing the market value of products produced 
from each method. We here provide a simplified comparison among techniques being 
applied for EPFB. This is also due to our main focus on studying effect of operational 
parameters on alkaline liquefaction EPFB. In EPFB mulching method, the cost of 
transportation and logistic system are major hurdles. EPFB can better be converted into 
valuable products compared to mulching. Inorganic fertilizers can replace mulching to 
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nourish oil palm plantations. Incineration of EPFB in CHP poses environmental hazards 
although CHP processes are capable of meeting heat and electrical demands of oil palm 
industry. Malaysian government restricted the use of CHP at oil palm industrial sites 
although cogeneration of EPFB is encouraged by the government. In Malaysian scenario, 
large amounts of EPFB are left as waste even after CHP operations at industrial units. 
 
 
 
Figure 4.5 FT-IR analysis of raw EPFB and residue chars 
 
 
Pyrolysis is an attractive technique to liquefy EPFB biomass due to high liquid 
yields, short residence times and low capital costs. However, liquids from pyrolysis process 
contain relatively high amount of oxygenates and water which require further processing 
of produced bio-oil. Alkaline liquefaction of EPFB may require high operational and 
capital costs but produces better liquid oils compared to pyrolysis systems. High heating 
value of oil obtained from hydrothermal liquefaction is higher than that of pyrolysis. 
Moisture and oxygen contents in hydrothermally produced oil are lower than in pyrolysis. 
There seem to be advantages and disadvantages associated with every operational method. 
Therefore, a complete study on cost comparision, fuel values and ease of operation can 
differentiate between these two techniques  
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CHAPTER V 
 
 
 
 
CONCLUSIONS 
 
 
 
 
5.1 Conclusions 
 
 
Among various alkalis (NaOH, K2CO3 and KOH) tested in this study for EPFB 
degradation, K2CO3 produced maximum liquids, 68.0 wt% and degraded 65.6 wt% lignin 
at 270 oC/20 bars/20 min. Reactivity order for alkalis is confirmed as K2CO3 > KOH > 
NaOH based on liquid yields and solid mass conversion. Furthermore, 1.0 M K2CO3 
yielded the maximum value of solid mass conversion, lignin degradation, and liquids when 
compared with other concentrations of this alkali. Possibly, at higher K2CO3 concentrations 
(>1.0 M), re-polymerization of fragmented components dropped liquid yield. Higher 
amounts of EPFB mass also decreased liquid yields and 2 g EPFB/25 mL water was the 
optimum biomass/ solvent ratio obtained through experiments. According to GC–MS 
analysis, the compositions of the bio-oil consisted of phenols and esters. The experimental 
results suggested superiority of subcritical technique compared to pyrolysis where large 
number of liquid product components daunt oil quality and increase post-processing costs. 
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